Spectral reflectance measurements of characterized (phase abundance, particle size) mixtures of olivine and orthopyroxene were utilized to define the correlations between spectral and albedo parameters of such assemblages and their mineralogical or textural properties. Thirty-three different spectral parameters falling into three general classes (relative or ratioed, absolute or albedo, and wavelength) were investigated for empirical sensitivity to one or more of the mixture properties. Theoretical considerations and previous experimental observations were utilized to understand their functional relationships. The ratio of areas for the 1-and 2-3tm absorption bands is shown to be a sensitive indicator of the olivineorthopyroxene abundance and is very nearly independent of particle size and mineral composition. In conjunction with an abundance determination, the wavelength position of the 1-3tm absorption feature can be utilized to determine the molar iron contents of the olivine and orthopyroxene phases. This calibration is insensitive to particle size but will produce systematic deviations if the phases have significantly different iron contents or if more than a few percent of a clinopyroxene component is present. The spectral albedo in the 0.6-to 0.7-#m region is relatively insensitive to phase abundance and can be used to constrain particle size if phase composition has been determined.
INTRODUCTION
For the foreseeable future, remote sensing will be the only available means for deriving information about the surface properties of many solar system bodies. Reflectance spectroscopy is one of the most powerful tools in remote sensing for characterizing surface mineralogy, but all too often spectra are analyzed only in a qualitative sense. Increasingly sophisticated and quantitative interpretative techniques are required to keep pace with continuing improvements in the quality of reflectance spectra, whether they are obtained from laboratory samples, telescopes, or spacecraft.
In principle, it should be possible to fully deconvolve a reflectance spectrum to determine the basic properties of the assemblage such as abundance and composition of the endmember species and the physical properties of the mixture. At present, no viable theoretical models exist for accurately determining the properties of the mineral components contributing to the reflectance spectra of a mixture, although some work in "semiempirical" models shows considerable promise [dohnson et al., 1983, 1985] . Empirical calibration studies suffer from the fact that an impossibly large number of laboratory spectra increasing calcium content [Burns, 1970a; Adams and McCord, 1972; Adams, 1974 Adams, , 1975 Hazen et al., 1977 Hazen et al., , 1978 .
The intensity of the absorption features (e.g., band depth, band area) increases in both mineral species with increases in iron content [Adams, 1975; Burns, 1970a, b; Hunt and Salisbury, 1970; Hazen et al., 1977 Hazen et al., , 1978 . The molar extinction coefficient of Fe 2 + in the pyroxene structure is nearly an order of magnitude higher than in the olivine structure. Therefore in intimate mixtures of the two phases with subequal molar iron abundances, the pyroxene features continue to dominate the spectrum until pyroxene is only a minor component of the mixture.
A prominent absorption feature in the reflectance spectra of both the olivine and pyroxene occurs near 1 #m. In most olivines it manifests itself as a relative minimum with two side lobes. Burns [1970a] as Fe • +, increases in crystallographic sites which are less centrosymmetric and in which the cation is displaced from the center of symmetry of the site.) Iron rich orthopyroxenes will also exhibit broadened bands and/or multiple minima in the 1-#m spectral region, as the M2 crystallographic sites become full and iron enters the M1 site [Burns, 1970b] . The pyroxenes exhibit a prominent absorption band in the 2-#m spectral region. There is no corresponding feature in the spectrum of olivine. The presence of the band in the orthopyroxene spectra is due to crystal field absorptions by Fe 2 + in the highly distorted (M2) octahedral sites [Burns, 1970b ; Burns et al., 1972] .
The 1-•m absorption features in the spectra of olivines and orthopyroxenes and the 2-#m feature in orthopyroxenes shift toward longer wavelength with increasing molar iron content [Burns, 1970a, b; Adams, 1974 Adams, , 1975 Hazen et al., 1977 Hazen et al., , 1978 . The shifts in the wavelength positions of both the 1-and 2-#m band minima are due to the effects of substituting the larger Fe •* cati6n into the crystallographic site of the smaller Mg 2+ cation, resulting in changes in the crystal structure and thus in the crystal fields and the electronic transitions which produce these absorption features.
The nature of the weak absorption feature found in all our spectra at about 0.65 #m is subject to debate. In olivines this absorption has been variously attributed to a spin forbidden Fe 2+ transition [Burns, 1970a; Runciman et al., 1973a; Hazen et al., 1977] , to a spin forbidden Fe 3+ transition [Burns et al., 1973] , to an Fe 3 +-Fe 2 + charge transfer [Mao and Bell, 1972] , or possibly to a spin forbidden Fe 2 + transition. In various pyroxenes a similar absorption feature in this spectral region has been attributed to an Fe 2+-Fe 3+ charge transfer transition [Burns, 1970b] , to Ti 3 + spin allowed transitions [Burns et al., 1972] , to spin-forbidden Fe 2 + transitions [Runciman et al., 1973b] , and to a Cr 3+ absorption [Rossman, 1977; Hazen et al., 1978] . It is probable that for the specific mineral samples studied, each of these assignments is at least partially correct, and there may be no method of uniquely assigning these features to specific cations.
The steep drop-off in reflectance shortward of about 0.55 /tm due to charge transfer absorptions [Tossell et al., 1975; Adams, 1975 Singer [1981] have shown that there are consistent variations in spectral properties with phase abundance. In the present paper, we have undertaken a detailed study of the spectral variations of olivine-orthopyroxene mixtures in order to define the systematics of their spectral behavior and to establish interpretive calibrations. In addition to phase abundance, the effects of phase composition and particle size variations were also considered. An analytical methodology is presented for quantifying the major variables of an olivine-orthopyroxene mixture from a reflectance spectrum.
PROCEDURE
Seventy-three controlled olivine-orthopyroxene mixtures were prepared to quantify the spectral effects of variations in phase abundance and particle sizes. An additional 12 spectra of olivine-orthopyroxene, olivine-clinopyroxene, and orthopyroxene-clinopyroxene mixtures and their end-members, which formed the basis for an earlier study [Singer, 1981] , were used in a qualitative fashion to indicate the effects of clinopyroxene in the spectra but otherwise were not used in our development of calibrations. All spectra were obtained with the spectrogoniometer of the Planetary Geosciences Division at the University of Hawaii with a halon reflectance standard [Singer, 1981] . In all cases, samples were measured at a phase angle of 15 ø.
Olivine-orthopyroxene mixtures were produced from both dry sieved and wet sieved particle size fractions of the pure end-members. (Mineral samples, when properly wet sieved, tend to exhibit a well-constrained distribution of sizes defined by the sieves through which the sample has passed and/or on which it was retained. Dry sieved samples tend to include a significant fraction of small particles adhering to and coating the large grains. Thus wet sieved samples tend to have better characterized particle size distributions, while dry sieved (or unsieved) tend to more closely approximate regolith textures.) Purified samples of olivine and orthopyroxene were prepared from two source assemblages by removal of other minerals and by removal of contaminated (e.g., those with inclusions) or altered grains during examination under a binocular microscope. Although absolute purity is not possible, contaminants generally do not exceed 1% of the sample and, because of the petrographic relationships, do not measurably affect the spectral properties of the material. The two minerals were separately crushed using a hardened steel mortar and pestle, ground in a porcelain mortar, and wet or dry sieved several times. Between sievings, the samples were visually examined and any additional impurities were removed. Any magnetic impurities (e.g., magnetite, shavings from the iron mortar and pestle, etc.) which had escaped removal during visual inspection were magnetically extracted at this point. The wet sieved portions were sieved in methanOl and allowed to dry in a dust-free area. i Appropriate amounts of the purified particle size fractions of the olivine and orthopyroxene end-members were mixed to 
ANALYTICAL GROUPINGS AND GENERAL TRENDS
As discussed above, four particle size suites of olivineorthopyroxene samples were prepared. In most cases, mixtures of these particle size suites were produced at 5 wt%, intervals from one pure end-member to the other in order to provide a reasonably comprehensive data set in terms of grain size and abundance. All potential calibrations were investigated using end-member abundances as the primary variable. Variations in the behavior of the spectral parameters as a function of phase abundance for the various particle size fractions were compared in order to evaluate the effects of particle size on the potential calibrations. In order to increase the number of potentially useful calibrations and to ameliorate some of the problems of absolute calibrations in remotely sensed data, most of the spectral features were ratioed to one another, resulting in a number of dimensionless parameters.
This analysis produced three general classes of potential calibrations. The largest category of potential calibrations (21) were those involving ratioed or relative spectral parameters. The absolute spectral reflectance parameters (spectral albedos at minima or maxima in the reflectance curve, individual absorption band areas) form a second category (nine). The final group of potential calibrations (six) which were investigated involved the shifts in the wavelength positions of spectral minima and maxima. The specific spectral parameters of each of these 36 potential calibrations are listed in Table 1 . Each particular group of calibrations has certain general characteristics as well as particular strengths and weaknesses. The most useful specific calibrations are discussed in detail in the following section, but some generalizations concerning each group are worth describing at this point.
The ratioed or relative spectral parameters have the advantage of being independent of absolute calibrations (e.g., albedo), which in many astronomical situations is difficult to obtain accurately. For the most part, these calibrations were found to be very nearly independent of particle size. Only in a few cases did any particle size fraction (generally the dry sieved 63-to 90-pm suite) deviate from a single trend. In those cases, the complex scattering and absorption conditions resulting from the adhesion of small fragments to the surfaces of larger grains appear to be important. The sensitivity of this group of calibrations to mineral phase abundances is particularly high.
The calibrations involving absolute spectral albedo parameters appear best suited for characterizing grain sizes. In light of the results by Adams and Filice [1967] on albedo variations with changing particle size, this is not surprising. An absolute albedo calibration during the remote-sensing observations would be required in order to apply this class of calibrations.
The third group of calibrations, those involving shifts in the wavelength positions of spectral minima and maxima, complements previous work on these shifts for pure end-members. These calibrations are generally functions of both phase abundance and mineral chemistry but are insensitive to particle size variations. Table 1 chemistries, and physical properties) from remotely obtained spectral data. However, certain of these spectral calibrations are much more applicable than others in terms of sensitivity to particular assemblage properties, precision of determinations, or applicable range. Only this limited set of the more useful calibrations from the total set investigated is discussed in detail in the present paper. Of the remainder, only those which can be used to verify the results of a primary calibration or which could be applied if one of the primary calibrations produced ambiguous results will be described.
The primary calibrations are presented in groups based on their applicability to the determination of each of the three major variables (phase abundance, phase composition, grain size) of an olivine-orthopyroxene assemblage. While the ideal spectral calibration would be sensitive to only a single property of an assemblage and applicable over the entire range for such assemblages, actual calibrations are generally less than perfect. The problems, limitations, and restrictions are de- The lack of any significant dependence on particle size for Similar arguments should generally apply to the independence of the BIIA/BIA calibration from changes in phase composition and temperature. However, given the wide variety of iron content in coexisting clinopyroxene phases, its three-component nature (Mg, Ca, and Fe end-members), and the different thermal behavior of the 1-and 2-•m bands in clinopyroxene spectra, the actual effects of phase composition and temperature are less well constrained. As in the case of the BII/BI calibration, additional work will be required to determine the magnitude of these effects.
The BI/BIII area ratio is similar in nature to the primary calibration in that the ratio increases linearly with increasing pyroxene content. Some deviation of the dry sieved spectra from the rest of the groups is present at the high pyroxene (> 60%) end of the calibration, somewhat reducing its overall usefulness.
The potential calibrations involving ratios of spectral albedos at pairs of wavelengths (e.g., at a band minimum and at a reflectance maximum) do not appear to be particularly suitable for phase abundance determinations, although several of these parameters are well correlated over limited ranges of phase abundance. Such albedo ratios are sensitive to particle size variations in the bulk assemblage. Variable end-member chemistries also affect albedo ratios, particularly in the olivines [Adams, 1975] .
End-Member Mineral Compositions
As discussed above, the position of the absorption bands in the spectrum of an olivine or pyroxene phase is a function of mineral chemistry. Determination of end-member compositions in mixtures of two or more phases cannot utilize the calibrations developed in that work. In such mixtures for olivine and pyroxene the 1-•m absorption band is a compound feature and its position is a function of both mineral phase composition and mineral phase abundance.
The wavelength position of the band I minimum provides a useful calibration of end member chemistries for olivineorthopyroxene assemblages if the end member abundances are known. Figure 3 shows the distribution of band I positions with phase abundance. As long as there are no significant differences between the mean particle size of the two phases, this distribution is not sensitive to the particle size distribution Conversely, if the end-member chemistries are known, the end points of the calibration curve can be adjusted upwards or downward to the appropriate wavelengths from the mineralogical band calibrations, and the band position can be used as a fairly sensitive indicator of phase abundance at the olivinerich (>60%) end of the mixture range. This approach was employed by Gaffey [1984] in the analysis of surface mineralogical variations on the asteroid (8) Flora.
There are several caveats which must be kept in mind. First, one is dealing with a relatively small wavelength shift (0.14 /•m) between the pure end-members. While any spectrometer with the appropriate spectral coverage and resolution should be able to trace out the reflectance curve so that band area ratios can be determined accurately, small but significant wavelength offsets may exist between data obtained by different instruments. Few of the broad spectral coverage instruments utilized in these sorts of mineralogical spectral studies have been calibrated with respect to one another. A careful comparison of the wavelength position of features in the spectra of the same samples measured on the present instrument and in the mid-1970s with the Beckman DK2A spectrometer used by Adams [1974 Adams [ , 1975 , 1981 ) had also noted a discrepancy. This emphasizes the need for cross laboratory calibration standards now that remote-sensing instrumentation is beginning to provide more precise spectral curves where more than gross wavelength positions of features can be determined.
With the wavelength correction factor applied to the spectra of Adams [1974 Adams [ , 1975 orthopyroxenes in olivine-orthoproxene mixtures. This calibration for orthopyroxene chemistry in olivine-orthopyroxene mixtures is independent of phase abundance and of particle size but has a number of limitations and uncertainties at present.
The shape (and apparent band position) of the 2-#m spectral region in observational data can be modified substantially by the added flux (strongly increasing with wavelength) of the thermal emission of a warm surface. Although in principle, this thermal component can be subtracted from the observed spectrum, an accurate correction is not a trivial exercise [e.g., Clark, 1979] . Moreover, the long-wavelength wing of the 2-#m orthopyroxene band shifts toward longer wavelength with increasing temperature [Roush, 1984] , which introduces an additional needed correction factor. Fortunately, the surface temperatures on earth and in the asteroid belt are low enough to minimize both effects.
Particle Size Calibrations
Present work indicates that the most difficult property of an olivine-orthopyroxene assemblage to determine accurately from spectral data is the particle size distribution. Absolute reflectance values of various minima and maxima appear best suited as calibrations for this purpose.
The albedos at the 0.65-#m spectral minimum and the 0.7-#m spectral peak (Figures 4 and 5, respectively) are relatively independent of end-member abundance but are dependent on phase chemistry. Preliminary results show that the albedo of these features decreases linearly with increasing iron content and that the magnitude of the albedo decrease is similar for both olivine [Adams, 1975] Absolute spectral albedos are difficult to obtain with accuracy in many remote sensing situations. The task may be further hampered by the presence of spectrally neutral opaque phases, whose effects are to suppress the albedo independent of particle size. If the absolute spectral albedo of an olivineorthopyroxene assemblage (free of contaminants) can be determined, it is possible to constrain particle size.
The After establishing that the spectra are predominantly olivine-orthopyroxene mixtures by absorption band criteria, the first step in the analysis was to determine the end-member abundances. The band I and band II areas were measured using a planimeter and the resulting values were ratioed. The band area ratios, the derived phase abundances, and the stated phase abundances [Singer, 1981] are listed in Table 3 .
With the end-member abundances established, the composition of the mineral phases was then determined. A cubic polynomial was fit to the 10 spectral channels on either side of the band I minimum for the 34:66 mixture and solved to give the wavelength position of the minimum. The value for this spectrum was 0.917 #m. With the end-member abundances already determined, a point on the graph of Figure 3 Several issues must be addressed in order to enhance the applicability of this type of interpretive methodology to more varied mafic assemblages. Some of these issues include (1) the effects of spectrally neutral opaque materials on an olivinepyroxene spectrum and how to compensate for their influence, (2) the development of an interpretive procedure for the spectra of olivine-clinopyroxene mixtures, and (3) the development of similar analytical system for three-component mixtures of olivine, orthopyroxene, and clinopyroxene.
